Hyperglycemia and elevated free fatty acids (FFA) are implicated in the development of endothelial dysfunction. Infusion of soy-bean oil-based lipid emulsion (Intralipid®) increases FFA levels and results in elevation of blood pressure (BP) and endothelial dysfunction in obese healthy subjects. The effects of combined hyperglycemia and high FFA on BP, endothelial function and carbohydrate metabolism are not known. Twelve obese healthy subjects received four random, 8-h IV infusions of saline, Intralipid 40 mL/h, Dextrose 10% 40 mL/h, or combined Intralipid and dextrose. Plasma levels of FFA increased by 1.03±0.34 mmol/L (p=0.009) after Intralipid, but FFAs remained unchanged during saline, dextrose, and combined Intralipid and dextrose infusion. Plasma glucose and insulin concentrations significantly increased after dextrose and combined Intralipid and dextrose (all, p<0.05) and were not different from baseline during saline and lipid infusion. Intralipid increased systolic BP by 12±9 mmHg (p<0.001) and diastolic BP by 5±6 mmHg (p=0.022), and decreased flow-mediated dilatation (FMD) from baseline by 3.2%±1.4% (p<0.001). Saline and dextrose infusion had neutral effects on BP and FMD. The coadministration of lipid and dextrose decreased FMD by 2.4%±2.1% (p=0.002) from baseline, but did not significantly increase systolic or diastolic BP. Short-term Intralipid infusion significantly increased FFA and BP; in contrast, FFA and BP were unchanged during combined infusion of Intralipid and dextrose. Combined Intralipid and dextrose infusion resulted in endothelial dysfunction similar to Intralipid alone.
Introduction
Hyperglycemia and dyslipidemia are implicated in pathogenesis of atherosclerosis, hypertension, and vascular dysfunction. Several studies have reported that infusion of Intralipid results in an elevation of free fatty acids (FFA) levels and rapid and sustained increase in blood pressure and endothelial dysfunction [1] [2] [3] [4] [5] . The mechanisms for Intralipidinduced endothelial dysfunction and hypertension are not completely understood but are likely mediated by FFA level rise which, in turn, decreases nitric oxide production and increases autonomic nervous system activity [6] [7] [8] . Intralipid is a soybean-based lipid infusion that contains significant amount of ω-6 polyunsaturated fatty acids (PUFA) that are easily oxidized and generate reactive oxygen species [9] . Infusion of PUFA can induce prooxidative and pro-inflammatory states [5] and cause insulin resistance by decreasing peripheral glucose uptake [10] , down-regulating intracellular insulin signaling [11, 12] and decreasing insulin-mediated recruitment of microvasculature in peripheral tissues [13, 14] . Additionally, previous studies have shown that PUFA can precipitate endothelial dysfunction and increase blood pressure in healthy subjects [3, 4, [15] [16] [17] .
Increasing evidence also indicates that acute hyperglycemia is associated with endothelial dysfunction and blood pressure changes in non-diabetic lean and obese humans [18, 19] . High blood glucose levels above 10-15 mmol/L lead to a pro-oxidative state and endothelial dysfunction [18] [19] [20] [21] [22] . Hyperglycemia inhibits endothelial nitric oxide synthase (eNOS) activity which may explain glucose-mediated endothelial dysfunction [23] .
The hypothesis of "glucolipotoxicity" has been put forward to explain β-cell dysfunction secondary to combined effects of hyperglycemia and elevated FFA [24] [25] [26] . Most of the evidence supporting the phenomenon of glucolipotoxicity comes from in vitro and in vivo animal models [24] [25] [26] , and thus, we lack data ascertaining how the combination of hyperglycemia and elevated FFA would affect carbohydrate metabolism in human subjects. Also, we do not know whether the combination of physiologically relevant elevation of blood glucose and FFA would have synergistic effects in worsening endothelial dysfunction and vascular function in healthy subjects. Accordingly, we investigated the effects of acute exposure to elevated plasma concentration of PUFA and glucose separately and in combination on blood pressure and endothelial function in obese, healthy subjects.
Research design and methods

Participants
We studied 12 obese, normotensive, healthy subjects. Obesity was defined as a body mass index (BMI) ≥30 kg/m 2 . All participants had a blood pressure <140/90 mm Hg and had no prior history of pre-diabetes, diabetes mellitus, hypertension or use of antihypertensive or lipid medications prior to the study. Diabetes mellitus was excluded with a 2-h glucose of <200 mg/dL during a 75 g oral glucose tolerance test and a fasting glucose of <126 mg/dL. Subjects with fasting triglyceride levels >250 mg/dL, hepatic disease (transaminases >3 times the upper limit of normal), renal insufficiency (creatinine >1.5 mg/dL), pregnancy, breast-feeding status, recent drug abuse (<3 months), significant psychiatric illness or tobacco use were excluded. The Institutional Review Board at Emory University approved the research protocol, and all subjects gave written and signed consent prior to participation in the study.
Study protocol
Participants were admitted to the Clinical Research Unit at Grady Memorial Hospital in random order, on four occasions to receive an 8-h IV infusion of Intralipid 20% at 40 mL/h, dextrose 10% solution at 40 mL/h, combination Intralipid 20%+dextrose 10% at 40 mL/h, or normal saline at 40 mL/h. The Intralipid 20% solution is a long-chain triglyceride emulsion composed of 50% polyunsaturated fatty acids (PUFA), 26% monounsaturated fatty acids, and 19% saturated fatty acids. Intravenous catheters were placed in each forearm, one for infusion and one for blood sampling. During the 8-h infusion, patients remained in the supine position and were kept NPO except for water ad-lib.
Blood pressure was measured in triplicate with a manual cuff prior to and every 4 h during the infusions. Blood samples for glucose, insulin, C-peptide and FFA levels were drawn at baseline and at 4 and 8 h during the infusions.
Endothelial function
Endothelial function was assessed at baseline and at 4 h during infusion using established methodology [27] . Briefly, ultrasound images of the brachial artery were obtained at baseline under standardized conditions and 60 s after induction of reactive hyperemia by cuff occlusion of the forearm for 5-min. Image landmarks as well as surface markers were utilized to ensure anatomical consistency between serial imaging studies. All images were digitized online, and arterial diameters were measured with customized software (Medical Imaging Applications, Coralville, Iowa) by individuals blinded to the clinical and laboratory status of the subjects. Flow mediated dilatation (FMD) was expressed as the percentage increase in diameter from baseline. Based on our previous studies, the mean difference in FMD between two consecutive assessments at least one week apart is 1.26%±0.76% (r=0.75); the mean difference in the FMD between 2 readings of the same subjects is 0.82±0.48% (r=0.97).
Laboratory methods
Plasma glucose and triglycerides were measured on the CX7 Chemistry Analyzer (Beckman Diagnostics, Fullerton, CA) using reagents and calibrators from Beckman Diagnostics. FFA levels were determined by a colorimetric method (Genzyme Diagnostics, Elkton, PA). Levels of insulin and C-peptide were measured in plasma using a solid phase, two-site sequential chemiluminescent immunometric assays on the DPC Immulite analyzer (Diagnostic Products, Los Angeles, CA). The coefficient of variance for the assays was <5%.
Statistical analysis
The primary endpoints of the study included changes in FMD and BP from baseline during Intralipid infusion without and with dextrose, dextrose infusion alone and normal saline. Comparison between baseline data and values during infusions was carried out using paired t tests. Repeated measures ANOVA was further used to evaluate differences in outcome changes over time among different groups. Statistical significance was defined as a p value <0.05. All data are expressed as mean±standard deviation (SD) or mean ±standard error of mean (SEM) where indicated.
Results
The clinical characteristics of study subjects are listed in Table 1 . All subjects were African American, and none of them had metabolic syndrome as defined by the American Heart Association/National Heart Lung Blood Institute (AHA/NHLBI) diagnostic criteria [28] .
Blood pressure and endothelial function
The infusion of normal saline did not result in any significant changes in systolic and diastolic blood pressure from baseline (Fig. 1 ). The administration of Intralipid resulted in a significant rise in systolic blood pressure from baseline by 12.6±7.2 mm Hg(p<0.001) at 4 h and 12.1±8.6 mm Hg at 8 h, (p=0.001) ( Fig. 1A) . Changes in systolic blood pressure during Intralipid infusion were also higher than blood pressure changes observed during saline administration (p=0.053 between group by repeated measures ANOVA). The administration of dextrose solution alone did not result in significant changes in systolic or diastolic blood pressure from baseline (p=0.39 for 4-h change, p=0.42 for 8-h change). In contrast, the co-administration of Intralipid and dextrose only non-significantly increased systolic BP from baseline by 12.9±22.0 mm Hg at 8-h of infusion (p=0.08) (Fig. 1A) .
The administration of Intralipid raised diastolic blood pressure from baseline by 6.2±8.1 mm Hg (p=0.024) at 4 h and 4.8±6.2 mm Hg (p=0.022) at 8 h from baseline ( Fig. 1B ) and these changes were larger than the observed blood pressure changes during saline infusion (p=0.073 by repeated measures ANOVA). Dextrose infusion did not alter diastolic blood pressure ( Fig. 1B) just as the co-administration of Intralipid and dextrose had no significant effects on diastolic blood pressure at 4 h and 8 h from baseline (p=NS). Diastolic blood pressure changes over time among saline, dextrose and combined Intralipid and dextrose groups were similar (p=0.75 by repeated measures ANOVA).
Endothelial function, measured as FMD, was similar among study groups before cuff occlusion at 0 and 4 h of study. The mean baseline FMD before any intervention ranged from 8.9% to 10.3%. Flow-mediated dilatation did not change after saline infusion and nonsignificantly decreased by 0.9%±1.8% (p=0.103) after dextrose infusion alone. Intralipid infusion markedly diminished FMD by 3.2%±1.4% from baseline at 4 h (p<0.001) and this decrease was significantly different from the effects of saline infusion (p=0.032 by repeated measures ANOVA) ( Fig. 2) . FMD decreased at 4 h by 2.4%±2.1% (p=0.002) after the addition of dextrose to Intralipid. FMD changes over time were different among saline, dextrose, and combined Intralipid and dextrose groups (p=0.037 by repeated measures ANOVA).
Plasma FFA and triglycerides concentrations
Both saline and dextrose infusion had no effect on levels of FFA ( Fig. 2A) . The administration of Intralipid almost doubled FFA concentration (p<0.01). Mean FFA concentration was increased by 0.84 mmol/L (p=0.004) and 1.03 mmol/L (p=0.009) after 4 h and 8 h of Intralipid infusion, respectively ( Fig. 2A) . In contrast to Intralipid alone, we observed no increase in FFA levels from baseline during combined infusion of Intralipid and dextrose at 4 h (p=0.46) and 8 h (p=0.30) ( Fig. 2A) . Comparison of FFA level changes among saline, dextrose, and Intralipid and dextrose groups demonstrated similar trends over time (p=0.91, by repeated measures ANOVA).
Intralipid infusion raised triglycerides from baseline by 119 mg/dL (p<0.001) after 4 h and 121 mg/dL(p=0.001) after 8 h of the infusion (Fig. 2B) . The co-administration of Intralipid and dextrose increased triglycerides levels by 40 mg/dL at 4 h and by 47 mg/dL at 8 h (both, p<0.01) (Fig. 2B ). The increase in triglyceride level after Intralipid alone was significantly higher than the co-administration of Intralipid and dextrose infusion (p=0.016).
Plasma glucose, insulin, and C-peptide concentrations
Changes in plasma glucose, insulin, and C-peptide levels during saline, dextrose, and Intralipid alone and with dextrose infusions are shown in Table 2 . Concentration of plasma glucose did not significantly change during saline and Intralipid infusion. Dextrose in combination with Intralipid resulted in sustained increase in plasma glucose levels from baseline with a peak increase of 25±9 mg/dL (p=0.034) at 4 h and 30±26 mg/dL (p=0.008) after 4 h of Intralipid plus dextrose infusion. Compared to baseline, there were no significant changes in insulin and C-peptide levels during saline or Intralipid infusion ( Table 2 ). In contrast, dextrose alone and Intralipid plus dextrose infusions resulted in a 3 to 4-fold elevation in insulin levels (p<0.05) and a 2 to 3-fold increase in C-peptide from the baseline (p<0.05). Changes in insulin and C-peptide levels from baseline were similar between dextrose alone and Intralipid plus dextrose infusion at both 4 h and 8 h (p=NS).
Discussion
This study aimed to compare the acute metabolic and vascular effects of high FFA during Intralipid infusion alone vs the co-administration of lipid and dextrose in obese healthy individuals. We observed that the infusion of Intralipid alone increased FFA from baseline and resulted in a rapid and sustained elevation in blood pressure and significant reduction in endothelial function. In contrast, the co-administration of Intralipid and dextrose resulted in impaired endothelial function but did not change FFA or blood pressure levels from baseline. The infusion of dextrose alone or in combination with Intralipid resulted in significantly higher glucose and insulin concentrations compared to Intralipid alone. Our results suggest that changes in FFA and insulin concentrations may explain the observed differences in blood pressure and endothelial function during lipid and dextrose infusions in obese subjects.
Several studies have shown that the infusion of Intralipid is associated with impaired endothelial function and in significant elevation in blood pressure from baseline [1, [3] [4] [5] 8] . Similarly, several studies have also demonstrated that dextrose infusion [18, [20] [21] [22] results in increased blood pressure and impaired endothelial function; however; the deleterious vascular effects seen with dextrose infusion are related to the rise in blood glucose concentration [29] [30] [31] . In agreement with our study, previous studies in which plasma blood glucose increased less than 10 mmol/L during dextrose infusion resulted in no significant changes in endothelial function or blood pressure [29, 30, 32] . In contrast, in studies where blood glucose levels rose more than 15 mmol/L, dextrose infusion resulted in a significant impairment in endothelial function [18, [20] [21] [22] 33] . No prior studies have determined how the combined infusion of Intralipid and dextrose affects vascular function. Our results indicate that changes in circulating FFA and insulin levels may mediate the blood pressure changes and endothelial dysfunction following dextrose and lipid load in obese subjects.
Hyperglycemia acutely increases insulin production in non-diabetic humans. In our study, the combined lipid plus dextrose infusion resulted in a similar insulin concentration increment as observed during dextrose infusion ( Table 2 ). These findings have been registered along with consistent elevation of plasma glucose by 20-30 mg/dL during dextrose and Intralipid plus dextrose infusion. It is unlikely that the hyperinsulinemia observed in our experiments was due to delayed hormone degradation as previously demonstrated in African Americans [34] because changes in the C-peptide and C-peptide/ glucose ratios followed similar trends ( Table 2 ). Previous studies reported that in long-term Intralipid infusion (24-72 h), high FFA levels inhibit insulin production in non-diabetic individuals [35] [36] [37] . In contrast, several authors have reported unchanged rates of basal and glucose-induced insulin secretion during acute Intralipid infusion despite elevation of FFA in healthy individuals [38, 39] . Our short-term studies also suggest no deleterious effects of high FFA on β-cell function. This adaptation may occur due to effective peripheral utilization of triglycerides and FFAs mediated by dextrose-induced hyperinsulinemia as shown in our experiments ( Fig. 3 ) and previous studies [40] in which mild hyperinsulinemia abolished Intralipid-induced elevation of FFA in healthy individuals. Future studies utilizing clamping of insulin production should further characterize the role of hyperinsulinemia in vascular responses produced by combined Intralipid and dextrose infusion.
Obesity, insulin resistance, and hyperinsulinemia lead to the development of hypertension and cardiovascular disease [41, 42] . In the states of preserved insulin sensitivity as in our subjects, insulin is a potent vasodilator acting via stimulation of nitric oxide (NO) release by endothelial cells in resistant blood vessels and microvasculature [14, 17, 29, [43] [44] [45] [46] [47] . Insulin activation of phosphatidylinositol 3-kinase (PI 3-kinase)/Akt pathway results in eNOS phosphorylation, NO synthesis and vasorelaxation [48] [49] [50] . The vasodilatory effects of insulin are endothelium-dependent because circulating insulin potentiates acetylcholineinduced but not sodium nitroprusside-induced vasorelaxation [43, 51] . On the other hand, increased FFA achieved by either lipid infusion, high fat diet, or direct in vitro incubation has been demonstrated to diminish endothelium-dependent vasodilation by downregulation of PI 3-kinase, eNOS phosphorylation, and NO production [2, [52] [53] [54] [55] . In our studies, physiological hyperinsulinemia ranging between 30-40 μU/mL over the length of dextrose and Intralipid infusion was sufficient to reduce Intralipid-induced FFA elevation, which, we believe, can be responsible for the attenuation of deleterious vascular effects of the lipid infusion. Furthermore, several studies performed either in vitro [56] or in non-diabetic individuals [57] suggest that mild transient hyperglycemia can even potentiate insulininduced vasodilation. In addition to the direct effect of insulin on eNOS activation, Cadrillo et al postulated that systemic hyperinsulinemia may activate additional mechanisms leading to vasodilation [58] and our studies suggest that insulin-mediated suppression of FFA levels maybe one of those mechanisms.
This study has several strengths. We used a control group that received normal saline infusion. Also, the rate of the infusion of Intralipid with or without dextrose is similar to the rates that are prescribed for parenteral nutrition in the clinical setting. We recruited obese, healthy individuals without other comorbid conditions such that we eliminated many confounding factors that could affect the interpretation of our results. This study, however, has several limitations. We studied African American subjects and our findings cannot be applied to other ethnic groups. To further generalize the results of this study, a larger sample size and inclusion of subjects from different ethnicities would be required. Recently, Chow et al elegantly demonstrated that Black non-diabetic subjects have higher levels of glucose load-induced insulin release and much more effective mechanisms in FFA utilization compared with White subjects [59] . Subjects in our studies were obese, insulin-sensitive and without family history of diabetes; therefore, the vascular outcomes of combined Intralipid and dextrose infusion found in our study cannot be applied to patients with diabetes mellitus or insulin resistance. There is evidence that obese, insulin-resistant (in terms of glucose regulation) individuals may still have intact endothelial function [60] . However, the physiologic consequences of having underlying elevations in both insulin and free fatty acids as it occurs in insulin resistant state are not elucidated by this study.
In summary, our studies demonstrate that combined Intralipid and dextrose infusion impairs endothelial function. The co-administration of dextrose abolishes Intralipid-induced blood pressure increases in obese subjects. Our findings indicate that elevations of FFA levels observed during Intralipid infusion may mediate some of the observed vascular effects of the lipid load in obese subjects. The results of this study may have important clinical implications for the patients receiving nutrition support. We have demonstrated that the combined infusion of Intralipid and dextrose can be relatively safe for the patients. Endothelial dysfunction, however, induced by Intralipid independent of dextrose loading necessitates the use of lipid infusions characterized by less inflammatory potential. 
